ABSTRACT Establishing an accurate stator system modal analysis model is of great significance for the vibration and noise analysis of the motor, scholars still have some controversy about how to set the material properties of the stator core and winding in modal analysis. First, the equivalent models of the stator core and winding was analyzed, the initial value of equivalent material parameters was determined. Second, the finite element models were used to analyze the influence of the equivalent material parameters on the natural frequency, a correction method of equivalent material parameters was proposed. Third, the modal of the stator core and the stator core with winding were tested by the moving force method. The finite element analysis results are consistent with the modal test results. Some influence laws of equivalent material parameters on natural frequency are obtained. The proposed correction method of equivalent material parameters helps to quickly determine the equivalent material properties of the stator core and windings. Setting the properties of the stator core and the winding material to the orthotropic materials can ensure the accuracy of the modal analysis.
I. INTRODUCTION
Electric motors manufacturers are highly concerned with low noise and vibration emissions in vehicle or home applications where motors are close to the end-user [1] - [5] . According to [6] , in PM machines with concentrated windings, the low modals of vibration can be excited which have higher deformation amplitudes. In addition, the resonant vibration is more likely to occur in this case. Accurate determination of natural frequencies is thus one of the key issues to design low noise and vibrations motors [1] , [7] .
The calculation of the natural frequency of the stator system is very important during the vibration analysis of the motor. The stator system includes stator core, winding,
The associate editor coordinating the review of this manuscript and approving it for publication was Hassan Ouakad. frame, etc. The stator core is formed by stacking laminations axially into a pack. Paper [8] investigates the accurate modeling and the modal natural frequencies of the stator system of a permanent magnet synchronous motor with concentrated winding used in the in-wheel motor system of the electric vehicle. The effects of laminated core on the rotor modal shapes is investigate in paper [9] . Paper [10] proposes a reformative simulation method of motor pole core vibration characteristics. The pole core was considered as a homogeneous orthotropic laminates structure material, and material property parameters were obtained by fitting curve recommended. A novel approach of equivalent material identification is developed for multi-layered orthotropic structures in paper [11] . According to [12] , the generally accepted value of Young's modulus is not valid for a machine with laminations and no frame. It introduces a simple and nondestructive method for the measurement of Young's modulus. In paper [6] , a method to identify the physical parameters of laminated core and windings is proposed based on the modal testing of the motor stators with different conditions, however, the equivalent Young's modulus of laminated stator core and the windings is the isotropy.
The impact of stator winding and end-bells on resonant frequencies and modal shape of switched reluctance motors was studied in paper [1] . According to [1] , for conventional motors, the contact between pole and winding assembly is tight enough to allow the windings to move with the pole, but cannot add an extra stiffness due to the existence of the insulation. Although the windings may contribute to stiffness if the slot fill factor is high, the increase in the stiffness is low when compared to the mass added by windings to the stator assembly. Therefore, the effect of the windings is equated to an increase of the pole mass. In [8] , the winding is equivalent to an integral structure without considering the insulating materials and contact between each wire. The turns are assumed to be contacted closely with teeth and the effect of varnish is equivalent to the change in the material properties of winding. In [13] , six kinds of finite element models for winding are built, and compared with test results to elect the model consistent with the actual stator winding. In [14] , the influence of winding dipping paint on the stator core model is studied. The research shows that before the immersion, the winding structure is loose, and it does not contribute to the stiffness of the stator structure. The contribution is mainly the quality improvement, which causes the natural frequency of the stator core with winding to be lower than the natural frequency of the stator core. After the varnishing, the gap between the windings in the slot is reduced, and the winding contributes significantly to the stiffness of the core. The natural frequency of the stator core with the winding is higher than the natural frequency of the stator core. According to [15] , the coil in the slot consists of wire scattered at random in the varnish. Therefore, the equivalent Young's modulus is not greatly dependent on the size of wire. Its value is 1/100 th of Young's modulus of copper wire. The influence of laminated core and winding on the natural frequencies and modal shapes of the stator are investigated in [16] , winding material property is set to orthotropic, which shows that the Young's modulus of the winding is much lower than that of the solid copper. A material model of the complete stator bar is developed to calculate the material properties of the stator bar in [17] .
Both a smooth frame and a ribbed framed are examined in [18] , [19] . The resonant frequencies of the low-order modals decrease due to the existence of the frame ribs and keys. This means that the ribs and keys mainly add extra mass to the stator vibration system for the low-order modals. However, an increase occurs in the higher order resonant frequencies. This means that the effects of ribs and keys mainly contribute extra stiffness to the high-order modal shapes of the stator vibration system. The length of frame has less of an effect than thickness. In [20] , the models of the stator was analyzed by the 3D finite element software called Workbench. The influence of the yoke thickness, tooth depth, tooth width, the stator coils, the stator rind and the end caps on the natural frequencies and the modal shapes are taken into consideration. The effects of different lamination shapes on vibration were researched in [21] .
In summary, scholars have some controversy about how to set the material properties of the stator core and winding. In some literatures, the stator core is set to an isotropic material while the stator core is set to an orthotropic material in other literatures. At the same time, the Young's modulus values and Poisson's ratio of the stator core are mostly determined by experiment and experience. There are many equivalent models of stator windings. The main reason is that the structure of the motor windings is different and the machining process is different, resulting in different stiffness of the windings. Take a stator system of a concentrated winding permanent magnet brushless DC motor for electric vehicles as an example, the equivalent material parameters and modal analysis methods of stator core and winding are studied in this paper. In section 2, the equivalent model of stator core and winding is analyzed, the initial value of equivalent material parameters is determined. In section 3, the finite element model is used to analyze the influence of the equivalent material parameters on the natural frequency, a correction method of equivalent material parameters is proposed. In section 4, the modal of stator core and the stator core with winding are tested by the moving force method. The correction method of equivalent material parameters and finite element analysis results are validated. In section 5, some conclusions are drawn.
II. THEORETICAL ANALYSIS A. EQUIVALENT MODEL OF STATOR CORE
The stator core is formed by stacking laminations axially into a pack. This means that the cell (halt-thick steel sheet; varnish sheet; half-thick steel sheet) is repeated regularly through the stator's length, with the same thicknesses everywhere [11] . Equivalent model of the stator core are shown in Fig.1 . According to [8] , the laminated stator core is assumed to be modeled as a continuous solid with composite material, of which the equivalent Young's modulus is calculated by the Voigt-Reuss formula.
B. EQUIVALENT MODEL OF WINDING
Stator coils put together a number of components (conductors, conductor coating, insulation, etc.), basically it is conform to an anisotropic material. To simplify the calculation, we make the following assumptions [17] . Then the coils can be simplified to a bar in the slot, the properties of the bar is defined as orthotropic. The simplified models of coils are illustrated in fig.2 .
C. EQUIVALENT MATERICAL PROPERTIES OF STATOR CORE AND WINDING
According to the equivalent model of stator core and winding in section 2.1 and section 2.2, the material of stator core and winding is set as orthotropic material. As shown in table 1, ten parameters of material properties need to be determined in business analysis software JMAG-Designer.
For stator cores and windings, the following relationships exist between material parameters. According to [22] , some parameters are automatically calculated from the set material parameter internally.
In this paper, initial value of five parameters in table 1 are  given in table 2 referring to Voigt-Reuss formula [8] , [10] . Other material properties are calculated according to (1)-(6).
III. MODELING AND MODAL ANALYSIS
Taking a 2.2kW concentrated winding permanent magnet brushless DC motor for electric vehicle as an example, the finite element analysis model of the stator system is established. The basic dimensions of the permanent magnet brushless DC motor are shown in Table 3 , Figure 3 
A. MODAL ANALYSIS OF STATOR CORE WITHOUT WINDING
The stator core is laminated by silicon steel sheets. In the cylindrical coordinate system, the radial and axial material properties are inconsistent. In order to observe the influence of the material properties of the stator core on the stator core modal, natural frequency stator core with different equivalent material properties were calculated. The equivalent material properties of stator core are listed in table.4. The Young's modules in direction x are different, the other equivalent material properties are the same from condition 1-1 to condition 1-5. The Young's modules in direction z are different, the other equivalent material properties are the same from condition 2-1 to condition 2-5. The Poisson's ratio in direction yz are different, the other equivalent material properties are the same from condition 3-1 to condition3-5.
Natural frequencies of stator core with different Young's modules in direction x are shown in Figure 4 . For the modal shape (m, n), the m is the circumferential modal order and the n is the axial modal order. It can be seen that the natural frequencies of stator core are proportional to the Young's modules in direction x. The natural frequencies of modal shape (m, 1) are higher than the modal shape (m, 0). Natural frequency change rate of modal shape (m, 1) is close to modal shape (m, 0). Figure 5 shows the natural frequencies of stator core with different Young's modules in direction z. The natural frequencies of stator core in modal shape (m, 1) are proportional to the Young's modules in direction z, the change rates of stator core natural frequencies are large. However, the natural frequencies of stator core in modal shape (m, 0) are almost constant in different Young's modules in direction z.
Natural frequencies of stator core with different Poisson's ratio in direction yz are illustrated in Figure 6 . It can be seen from Figure 6 that the natural frequencies of stator core in modal shape (m, 0) are proportional to Poisson's ratio in direction yz, the natural frequencies of stator core in modal shape (m, 1) are inversely proportional to Poisson's ratio in direction yz. The natural frequencies change rates in modal shape (m, 0) and modal shape (m, 1) are both small.
B. MODAL ANALYSIS OF STATOR CORE WITH WINDING
In order to investigate the impacts of winding on stator core, the natural frequency of stator core with winding of different equivalent material properties were calculated. The equivalent material properties of winding are listed in table 5. The equivalent material properties of stator core are same in all conditions. The Young's modules of winding in direction x are different while other parameters are same from condition 1_1 to condition 1_5. The Young's modules of winding in direction z are different while other parameters are same from condition 2_1 to condition 2_5. The Poisson's ratio of winding in direction yz are different while other parameters are same from condition 3_1 to condition 3_5.
As shown in Figure 7 , the natural frequencies of stator core with winding are proportional to Young's modules in direction x. The natural frequencies of modal shape (m, 1) are higher than the natural frequencies of modal shape (m, 0). The natural frequency change rates of modal shape (m, 0) are close to modal shape (m, 1) in most conditions. The natural frequency change rates of modal shape (4, 0) are smaller than modal shape (4, 1) from condition 1-4 to condition 1-5.
Natural frequencies of stator core with winding of different Young's modules in direction z are shown in Figure 8 . It illustrates that the natural frequencies of stator core with winding are proportional to the Young's modules of winding in direction z while the equivalent material properties of stator core are unchanged. The natural frequencies change rates are small. 
C. CORRECTION METHOD OF EQUIVALENT MATERIAL PROPERTIES IN FINITE ELEMENT MODEL
Under normal circumstances, the initial material properties of the stator core and the winding can be initially predicted based on the empirical formula. However, the predicted values are difficult to be very accurate. In the process of establishing the finite element model, the equivalent material properties of the stator core and windings need to be adjusted, so that the analysis results of the finite element model are consistent with the experimental results. A general method for adjusting the parameters of equivalent materials is proposed in this paper. The correction method of the stator core equivalent material parameters is shown in Figure 10 . The correction method for the equivalent material of the winding is shown in Figure 11 . 
IV. EXPERIMENT A. MODAL TEST AND ANALYSIS OF STATOR CORE WITHOUT WINDING
In order to verify the validity of the finite element analysis, the modal test of the stator core was carried out by the moving force hammer method. The test arrangement is shown in Figure 12 . The modal shape and frequency of the stator core obtained by the test are shown in Figure 13 . As can be seen from Figure 13 , mode and frequency of five modals (2,0), (2,1), (3,0), (3,1), (4,0), (5, 0) are obtained by the stator core modal test. The equivalent material properties of the stator core are corrected according to the method described in figure 10 . The final set material properties are E x = E y = 190GPa, E z = 9GPa, V xy = 0.3, V yz = 0.3. The finite element analysis results and the test results are shown in Table 6 . It can be seen that the maximum error of each modal frequency is 0.8%. It shows that the finite element method can accurately predict the modal shape and frequency of each modal of the stator core when using anisotropic material properties.
B. MODAL TEST AND ANALYSIS OF STATOR CORE WITH WINDING
In order to verify the validity of the finite element analysis model, the modal test of the stator core with winding was VOLUME 7, 2019 carried out. The test method is the mobile hammer method, and the test sensor arrangement is shown in Figure 14 . The test results of the modal shape and frequency of each modal are shown in Figure 15 .
It can be seen from Fig. 12 that modal and frequency of five modals of (2, 0), (2, 1) , (3, 0) , (3, 1) , (4, 0) are obtained by the modal test of the stator core with windings.
The equivalent material properties of the stator core are corrected according to the method described in figure 10 . The final set material properties are E x = E y = 135MPa, Table 7 . It can be seen from the table that the maximum error of each modal frequency is 2.8%, and the correction method of equivalent material parameters in the finite element simulation model is verified by the experimental results. Studies have shown that it is reasonable to simplify the stator windings into mutually independent columnar bodies that are embedded in the stator slots and that are in good contact with the stator core. Stator winding material properties should be set to anisotropy.
V. CONCLUSION
Firstly, the equivalent model of stator core and winding is analyzed, the initial value of equivalent material parameters is determined. Secondly, the finite element model is used to analyze the influence of the equivalent material parameters on the natural frequency, a correction method of equivalent material parameters is proposed. Thirdly, the modal of stator core and the stator core with winding are tested by the moving force method. The finite element analysis results are consistent with the modal test results. Some conclusions can be drawn as follows:
(1) The natural frequencies of stator core in modal shape (m, 0) and modal shape (m, 1) are both proportional to the Young's modules in direction x and y, the change rates are close. The natural frequencies of stator core in modal shape (m, 1) are proportional to the Young's modules in direction z, the change rates of stator core natural frequencies are large. However, the natural frequencies of stator core in modal shape (m, 0) are almost constant in different Young's modules in direction z. The natural frequencies of stator core in modal shape (m, 0) are proportional to Poisson's ratio in direction yz, the natural frequencies of stator core in modal shape (m, 1) are inversely proportional to Poisson's ratio in direction yz. 
